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Abstract 
Intelligent wells, those equipped with downhole or reservoir measurements and controls, have the potential to improve 
economic returns from oil and gas production. A challenge with intelligent wells is to know what control actions to take (i.e. 
how much to open/shut a valve) and when to take them. Dilib and Jackson (2012) proposed a control strategy using closed-
loop direct feedback control of Inflow Control Valves (ICV) based on multiphase flow measurements at the completion level. 
This work applies this closed-loop direct feedback control strategy to the injection and production wells in the SPE Brugge 
model. 
 
4 control strategies based on outflow conformance and 3 based on direct feedback control from tracer measurements have been 
applied to the Brugge model. Varying the parameters within the closed-loop feedback loops using a gradient-based 
optimization algorithm to maximize NPV over a 4-realization ensemble resulted in no benefit compared with production 
control only. The controls changed the allocation of injection volumes within a well and amongst the wells, but without having 
a significant impact on oil production.  
 
The crossflow between formations in the Brugge model are believed to make injection control ineffective as the water 
preferentially flows downward and to the highest permeability formation. Reservoirs with no communication between 
formations may be better candidates for realizing value from direct feedback control of intelligent injection completions.  
 
Introduction 
Intelligent wells have the potential to improve economic returns from oil and gas production. They differ from conventional 
wells in that they contain downhole or reservoir measurements and controls (operable from surface). This technology is often 
deployed to manage the displacement front in a water- or gas flood, or to prevent early breakthrough of water or gas in 
horizontal wells by balancing inflow (e.g. Sinha et al. 2001; Ebadi and Davies 2006, Dilib and Jackson 2012). 
 
Intelligent Wells and Controls. Prior to development of intelligent well technology, actions taken to improve waterfloods 
included deciding on the perforation strategy (Thomas and Bibby 1991) and target well rates (Asheim 1988). To close 
perforations or open new ones after well construction required expensive interventions. Reservoir simulations and field 
experience were used to determine the most favorable perforation strategy and production/injection rates (Asheim 1988, 
Thomas and Bibby 1991). With the advent of early intelligent well technology, perforations could be opened or closed from 
the surface based on surface measurements. More sophisticated intelligent well technology, such as multiphase, downhole 
measurements and Inflow Control Valves (ICV) for continuous inflow control, creates the potential to implement more 
nuanced control strategies (Glandt 2005).  
 
A challenge with intelligent wells is to decide what control actions to take (i.e. how much to open/shut a valve) and when 
to take these actions. Control actions are often taken ad hoc based on engineering judgement of the reservoir or production 
engineer (Gai 2001). Control strategies used or proposed include: open-loop, closed-loop proactive (model or near-well sensor 
based) and closed-loop reactive (direct feedback). Open-loop control based on design and sizing of Inflow Control Devices 
(ICD) prior to installation is most suited to well understood reservoirs with relatively little geological or drive mechanism 
uncertainty (Dilib and Jackson 2012); these have proven successful for real fields (Erlandsen 2000). The latter two techniques 
are more adaptable and can take advantage of increased reservoir knowledge with time to improve the control strategy.  
 
Model-predictive efforts are focused on closed-loop workflows where well and reservoir measurements are used to history 
match and update reservoir models (e.g. Brouwer and Jansen 2004; Lorentzen et al. 2008) and target production and injection 
rates are found using optimization (e.g. Brouwer et al. 2004; Yeten et al. 2004; Naus et al. 2006). These types of workflows 
have the ability to greatly improve Net Present Value (NPV) compared with uncontrolled production (Peters et al. 2010). 
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A drawback to model-based optimization is that reservoir models are generally not sufficiently accurate in the spatial and 
temporal resolution needed to make control decisions for individual wells (Dilib and Jackson 2012). Unexpected reservoir 
features that could greatly impact production can be wholly absent from a set of realizations. Additionally, closed-loop model-
based optimization can be time-consuming and computationally expensive, though this is being addressed by e.g. reducing the 
number of optimization variables by basing control actions on watercut (e.g. Lorentzen et al. 2008) or simplifying the 
workflows (Asadollahi et al. 2012). 
 
Dilib and Jackson (2012) proposed to replace current ad hoc control actions with closed-loop direct feedback control of 
ICVs based on multiphase flow measurements at the completion level. The proposed control strategy is a generic control loop 
tuned for a specific reservoir/well based on optimization over an ensemble of reservoir realizations. They showed that this 
strategy can improve economic returns for a single horizontal production well, even in cases where the reservoir exhibits 
unexpected behavior.  
 
Khairullin (2012) subsequently applied closed-loop direct feedback control to the production wells in the SPE Brugge 
model, a synthetic reservoir model created for the purposes of comparing closed-loop waterflood control strategies (Peters et 
al. 2010). Khairullin’s work showed that downhole multiphase flow measurement and ICV control yield an average NPV gain 
of 22% relative to surface-based control. The NPV results were of a similar magnitude to some of the model-based control 
results in the SPE comparative study (Peters et al. 2010).  
 
Optimization of injection rates in a waterflood has long been a topic in industry (e.g. Asheim 1988, Thomas and Bibby 
1991) and with the emergence of intelligent well technology, rates in individual completions have been a topic in literature, 
often in conjunction with model-based production well rate control (e.g. Brouwer et al. 2004). Other methods to optimize 
waterflooding have focused on optimizing sweep efficiency via streamline based Flow Capacity-Storage Capacity techniques 
(Izgec et al. 2010) and equalizing water breakthrough time (Alhuthali 2009). Closed-loop, direct-feedback control of injection 
ICVs has not yet been evaluated. Meshioye et al. (2010) and Carvajal et al. (2013) have both evaluated the incremental benefit 
of injection control for synthetic and actual reservoir models, respectively. 
 
The purpose of this work is to extend the previous work by Khairullin (2012) to test the hypothesis that additional NPV 
gain can be realized in the SPE Brugge model by applying direct feedback control to injection wells. Hypothetically, injection 
control may benefit NPV in two ways: 
 
• Improve reservoir sweep efficiency by forcing more injection water through formations with lower injectivity indices. 
• Reduce injected water recycling, with its associated cost for both treatment and injection 
 
Simple closed-loop, direct feedback controls have not yet been applied to both production and injection wells in a 3-D, 
multi-well reservoir model. The results quantify potential economic gains from controlling injection in addition to production 
wells and provide a methodology for well control that can be applied in practice. 
 
Brugge Reservoir  
Reservoir. The Brugge model is a synthetic reservoir model created by TNO for the purposes of comparing closed-loop 
waterflood optimization strategies (Peters et al. 2010). The reservoir geology is typical of a North Sea Brent-type field, though 
with altered vertical layering sequence (Peters et al. 2010). There is 10 years of production history, after which time-lapse 
seismic data is available. The production history and time-lapse seismic have not been used to to history match or update the 
original realizations, which are used here.  
 
104 realizations, upscaled to a grid with ~44 000 active grid blocks have been provided by TNO. Figure 1 shows the 
reservoir with well locations, groupings and major faults. The major structures (faults, dip, OWC) of the field are the same in 
all realizations. The reservoir fluids are oil and water; there is no gas cap, and none formed as reservoir pressure is kept well 
above the bubble point. 
 
There are 4 main formations and 9 facies types, with relative permeability behavior dependent on porosity. From upper to 
lower, the formations are: Schelde, Maas, Waal and Schie. The Schelde is thin, high permeability and heterogeneous; the Waal 
is thick, heterogeneous and has relatively low permeability; the Waal is a thick, high permeability, high porosity formation; 
finally, the Schie is thin and low permeability. Table 1 gives average data for each formation in addition to showing in which 
formations the producers and injectors are completed. 
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Figure 1: Brugge field initial water saturation showing well locations and well grouping 
 
Table 1: Brugge formation average properties, along with associated completions 
Injection Well 
Completion 
Formation Average 
Thickness (ft) 
Average 
Porosity (%) 
Average Hor. 
Permeability 
(mD) 
kv/kh* Average 
NTG (%) 
Production 
Well 
Completion 
1 Schelde 33 20.7 1105 0.06 60 1 
2 Maas 66 19.0 90 0.07 88 2 
3 Waal 85 24.1 814 0.07 97 3 
3 Schie 16 19.4 36 0.07 77 - 
*kv/kh ratio for base case realization ensemble  
 
Figure 2 shows a cross section of the reservoir indicating the formations, porosity, horizontal permeability and NTG. The 
Schelde has the most property variability, especially apparent in NTG; the Maas and Waal show relatively little variation in 
properties between gridblocks. Table 2 shows the fluid properties for oil and water. 
 
Wells. There are 20 vertical producers in the half-dome and 10 vertical injectors at the periphery, with a major fault dividing 
the reservoir into two groups (see Figure 1 for groups). Production wells are generally completed in the Schelde, Maas and 
Waal formations, each equipped with its own ICV. Not all producers are completed in all formations (see Appendix B for 
details). Injection wells have equivalent completions but with the third also perforated in the Schie. For the last 20 years of 
production, each completion is fitted with an ICV and downhole measurement equipment capable of accurately measuring oil 
and water flowrates to/from each completion. The well constraints are shown in Table 4. 
 
 
Figure 2: Cross section of the Brugge reservoir showing typical porosity, horizontal permeability and NTG for each formation 
 
 
GROUP 1 
GROUP 2 
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Table 2: Fluid Properties Table 3: Well constraints 
Parameter Oil Water 
Reservoir Density (lbm/ft3) 56 62.6 
Compressibility (psi-1) 9.26x10-6 3.0x10-6 
Viscosity (cP) 1.294 0.32 
Stock tank density (lbm/ft3) 56 62.6 
Formation Volume Factor 1.03 1 
 
Parameter  
Producer maximum rate* (stb/d) 3000 
Producer min. BHP (psia) 725 
  
Injector maximum rate (stb/d) 4000 
Injector max. BHP (psia) 2611 
 
 
* In years 1-10, maximum producer rate was 2000 stb/d 
 
Methodology 
The overall methodology is shown in Figure 3 and includes the following main steps: identify control method(s) for outflow 
from injector ICVs, optimize control parameters from step 1 for NPV over an ensemble of 4 model realizations, run all 104 
Brugge realizations with the optimized parameters, compare NPV (gain) for cases with injection control to the case with only 
production control. 
 
ICV Control. The ICVs are controlled in the reservoir simulation through use of a flow multiplier (Π) to represent the 
opening/closing of the valve; this control multiplier may be a function of watercut (w), flowrate (q), pay height (h), and or 
tracer concentration (C) along with various constants: 
 Π	  fw, q, h, C (1) 
 
Π is applied to the connection transmissibility factor for the relevant completion. The transmissibility factor is proportional 
to the inflow or outflow from that completion, so that the flow is then calculated as (Schlumberger 2013): 
 Q	  Π	∆ (2) 
 
where QP is the flowrate of phase P, Twj is transmissibility from well to connecting cell, M is the mobility for the relevant 
phase and ∆P is the drawdown.  
 
Figure 4 shows the general control logic for both production and injection wells. Each completion is fitted with a 
continuously variable ICV that can operate from fully open (Π=1) to fully closed (Π=0). Valve settings are adjusted every 30 
days according to the control logic.  
 
At a higher level, water injection is controlled by specifying a voidage replacement ratio of 1 for each group of wells; the 
reservoir simulator then allocates the water to be injected based on the injectivity index (II) of the wells. 
 
Control Methods for Production Wells. Injection well control will be compared to a reference case where only the 
production wells are controlled using closed-loop direct feedback control. The methodology and results for this case are 
discussed at length in Khairullin (2012). Figure 4 shows the control logic for the production wells. The valve settings are 
determined by several variables: trigger watercut for control actions (wt), choke exponent (c), and well watercut shut-in 
threshold (wl). The inflow multiplier for each production well i, completion j is calculated as follows: 
 
Π	  MAXA w

,  ! (3) 
 
where A and B are the valve settings at fully open (1) and fully closed (0), respectively; wm is the lowest water cut in any 
completion in well i; wij is the last measured water cut through well i, completion j; and c is a constant to be optimized. 
Constraints applied are that B ≤ Πij≤ A, and c≥0.  
 
 
Figure 3: Major steps in methodology 
1. Identify control 
method
2. Optimize control 
parameters from 1. for 
NPV over an ensemble of 
4 reservoir realizations
3. Run all Brugge 
realizations using control 
parameters from 2. and 
compare NPV to 
reference case (prod. only 
control)
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The production well variables are optimized anew for each injection control strategy. The optimization variables are wt, c 
and wl. To reduce taking control actions based on small differences in measured watercut, there must be a minimum 
difference, δw, between wm and wij before a control action is taken. Based on Khairullin’s (2012) experience, δw is set equal 
to 0.05. 
 
Control Methods for Injection Wells. Injection well control strategies are categorized as either conformance- or tracer-based 
injection, each detailed in this section.  
 
Conformance Based Injection 
Case 1 Storage Capacity-Weighted Injection. The first control method is controlling ICV outflow to conform to a storage 
capacity-based (Lake 1989) distribution of the flow amongst the 3 completions in each injection well. The distribution is based 
on the completion height, formation average NTG and formation average porosity. See Appendix B for tables showing the 
storage capacity-weighted distribution for each injection well. This storage capacity weighted distribution would then be 
considered the “ideal” and a choke exponent would be applied to allow for optimization around the ideal. 
 
If actual outflow is greater than ideal, then the outflow multiplier for each completion is then calculated as: 
 
Π	  MAXA q"#$%,& 
'
,  ! (4) 
  
q"#$%,  & ℎ∑ ℎ*+,  (5) 
 
where A and B are as for the production wells, f is the choke exponent for the injection wells, hij is the completion height 
multiplied by the applicable formation’s average NTG and porosity (Table 1). Constraints applied are that B ≤ Πij≤ A, and f≥0. 
The optimized value for f indicates if spreading the injection water through the different completions is economically 
favorable. A higher f more aggressively chokes back on the high outflow ICVs; a value of 0 leaves ICVs uncontrolled. Figure 
4 shows the control logic for this strategy. 
 
Case 2 Storage Capacity-Weighted Injection without Injection into Schelde. Case 2 is similar to Case 1 with the exception 
that the target allocation for injection into the Schelde formation is set to zero. This case is based on the heuristic reactive 
approach adopted by Peters et al. (2010) for the truth model in the comparative study. 
  
Case 3 Storage Capacity-Weighted Injection, Choke factor for each completion layer. The storage capacity based strategy 
has been further refined to include individual choke exponents for each of the three formation-completion pairings in the 
model. In this case, the exponents are referred to as f1, f2 and f3 for completions 1, 2 and 3. Refer to Table 1 for information 
on the formations associated with each completion.  
 
Case 4 Normalisation to minimum outflow. The final conformance control method is based on the same control strategy 
used for the production wells, where the completions with the highest rates are choked back to force more of the injected water 
through the other completions. Over time in the simulation, this will lead to some equalization in the outflow from each 
completion for a given well. The choke factor for well i, completion j is calculated by: 
 
Π	  MAXA min	q& 
'
,  ! (6) 
 
where min(qi) is the lowest flow rate through any completion in well i; qij is the last measured flowrate through well i, 
completion j; and f is the choke exponent for the injection wells. f is also the only injection optimization variable for this case.  
 
Tracer Based Control. The second strategy category is tracer-based control, where unique tracers are added to each 
injection stream from start of field life and measurements of these tracers at producing wells are used to take control actions on 
the injectors. The control actions using tracers take action at the well level and not the completion level, so surface control 
equipment is sufficient. Controlling ICVs using tracers is impractical, requiring 30 unique tracers and downhole measurement 
of tracer concentrations, and is not explored in this work. Three tracer-based strategies implemented are detailed in the 
subsequent sections. 
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Case 5 Shut-in Wells. The first tracer strategy is to shut in injection wells after the tracer concentration from that injector in 
any production well exceeds a threshold. Tracer concentrations are small and to aid optimization, the concentration threshold 
variable (Cl) at which to take actions is made to be 10-Cl. The concentration threshold is determined via optimization.  
 
Case 6 Maintain injection capacity, choke wells. The second tracer strategy is to choke back on injection wells after a 
production well exceeds a given tracer concentration threshold whilst also accounting for the needed injection capacity of the 
well group. The concentration threshold is determined via optimization. The control steps in this case are: 
 
1. Measure tracer concentrations in all production wells 
2. Calculate number of wells operating at full rate (4000 stb/d) needed to maintain group voidage replacement 
3. From step 2, get number of wells that could be choked back 
4. Select wells to be choked back based on those that contribute the highest tracer concentration in producers 
5. Choke back injection wells from step 4 by a factor Π, determined by optimization. 
 
This case ensures that sufficient voidage replacement occurs, whilst shifting where the injection takes place to avoid 
recycling of water.  
 
Case 7 Choke wells above concentration threshold. The last tracer strategy is similar to the method used to control the 
production wells. Tracer concentrations are measured in the production wells, and once the concentration has exceeded a 
trigger value (Ct), the relevant injector is choked back via an outflow multiplier calculated based on the tracer concentration: 
 
Π	  MAXA 012C3
' ,  ! (7) 
 
where Ct is the trigger tracer concentration; Ci is the measured tracer concentration; f is a constant. Ct and f are the 
optimization variables in this case.  
 
Optimization of control parameters 
Objective function. The control parameters are optimized for an NPV function for years 11-30 (the first 10 years are given 
as production history); year 10 is taken as time zero for the NPV calculation. The NPV function is: 
 
45  	678∆98 − 7∆9 − 7∆91 + =2
>
2+,
 
(8) 
  
where t is time in years, n is the total number of years, c is the price (USD/stb) and ∆v (STB) the incremental volume for that 
year for oil (o), produced water (w) and injected water (wi), r is the annual discount rate. Table 4 contains the economic 
parameters used, which are the same as those used in the comparative study (Peters et al. 2010):  
 
Table 4: Economic parameters 
Parameter Value 
Oil price, co (USD/stb) 80 
Water cost, cw, cwi (USB/stb) 5 
Annual discount rate, r  10% 
 
 
Optimization technique. The ECLIPSE® reservoir simulator from Schlumberger (Schlumberger 2013) was used to predict 
production and injection rates over the remaining field life. MATLAB’s optimization toolbox (Mathworks, 2011), a gradient-
based optimization algorithm, was then used to find the control parameters that maximized NPV for an ensemble of 4 reservoir 
realizations (numbers 41, 68, 77, 93), hereafter referred to as the base case ensemble. For each optimization where time 
permitted, 2 different initial guesses were taken in order to ensure that the results were not local extrema.  
 
Figure 5 shows the field oil and water production rates without injection control for all 104 realizations with the base case 
realizations shown in blue. The base case ensemble includes 3 realizations (68, 77, 93) with relatively high oil production rates 
and 1 (real. 41) at the lower end of the overall range. The red line shows the production from the “truth” model on which all of 
the other realizations have been generated.  
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Figure 4: Control logic for production and conformance control for injection wells 
Equation 4 
Equation 7 
Equation 5, 
6, or 8 
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Figure 5: Production rates for oil (left) and water (right) for the truth case (red), base case ensemble (blue) and all other realizations 
(black) 
 
Run of all Brugge realizations with optimized parameters. For the cases where the optimization indicates that injection 
control is economically favorable, the optimized control technique is applied and simulations run for all 104 Brugge 
realizations. Results are measured in terms of NPV gain (G); that is the ratio of the increase in NPV to the NPV for the 
production well control only reference case. 
?  	45@ − 4545  (9) 
 
where subscript I refers to the case with injection control, and P to the reference case with production control only. 
 
Results 
Summary. Seven control methods were applied to the injection wells in the Brugge model and the optimization results show 
that none of these methods are beneficial to NPV for the base case ensemble. The remainder of this section will compare select 
cases with and without injection control and discuss cases thought to benefit from injection well control. 
 
Conformance Control Results. Four control methods that aim to alter the outflow profile vertically along each well were 
tested. Table 5 shows the optimized parameters for each of these four cases. Following this table, detailed results are presented 
and discussed for Case 1 (Storage capacity weighted injection). This discussion will explain the reasons injection well control 
is not favorable for the Brugge model; the explanation also applies to the other three cases. 
 
The results in Table 5 show that the optimization found injection control to be unfavorable as maximum NPV was reached 
by setting f (the injection control exponent) equal to zero, thus leaving the ICVs fully open throughout the production life. The 
small differences in NPV results come from the final values for wt and wl, the watercut thresholds for choking and shutting 
production wells, respectively. The large production well choke (c) indicates that the variable ICVs are essentially acting as 
on/off valves. 
 
To understand why injection control does not improve NPV (by either improving reservoir sweep or reducing injected 
water recycling), we compare the optimized Case 1, realization 68 above with Case 1 with  f = 3 and 6. Figure 6, showing the 
distribution of outflow from the injection wells into each completion layer, confirms that injection control is successful in 
redistributing the outflow amongst the 3 completions. As f is increased, more water is injected into the Schelde and Maas at 
the expense of the Waal/Schie. Table 6 shows that NPV does not change significantly with the more equal distribution of 
outflow. Total injected volumes vary insignificantly. 
 
Table 5: Optimization results for conformance control strategies 
Case  
nr.  
Description NPV 
(USD) 
Wt c f Wl 
REF  Production controls only 3.95 x 109 0.68 50 - 0.68 
1 Storage capacity weighted injection 3.93 x 109 0.66 50 0 0.66 
2 Case 1 w/ no injection in Schelde 3.93 x 109 0.66 50 0 0.66 
3 Case 1 w/ individual chokes  on Schelde, Waal/Schie 3.92 x 109 0.65 50 [0 0] 0.65 
4 Normalisation to minimum outflow 3.95 x 109 0.68 50 0 0.68 
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Case NPV (109 USD) 
Production control 4.0294 
Injection control, f = 3 4.0290 
Injection control, f = 6 4.0286 
 
 
 
 
 
 
Figure 6: Distribution of injector outflow per completion (field total) 
 
Figure 7 shows the Field Oil Production Rate (FOPR) for the two cases, which are almost identical. The water injection 
changes cause some completions to close at slightly different times (usually one time step before for Schelde, one after for 
Waal). Two examples have been chosen, shown as 1 and 2 in Figure 7. 
 
1. The injection control case shuts 2 completions one control time step before the same completions are closed in the 
production control case. The completions closed are for the Schelde on wells BR-P-14 and BR-P-17 (ref. Figure 1 for 
well locations). This shows the increased injection in the upper formation having some effect on reservoir behavior. 
2. The production control case shuts in BR-P-2 for exceeding the well watercut limit before the same well is shut in the 
injection control case, indicating that decreased injection into the Waal formation is delaying high watercut. In both 
cases, the Schelde completion in BR-P-2 is subsequently reopened and production continues for the duration of field 
life. 
 
Figure 8 shows Field Water Production Rate (FWPR) and Field Water Injection Rate (FWIR) over field life. As with the 
oil rate profile, the water production and injection profiles are also almost identical with small changes in water produced or 
injected that follow the differences in closing/opening of production ICVs. 
 
The field injection picture masks some differences in injection throughout the field life; Figure 9 shows the change in total 
volume injected and oil produced in each well throughout the field life for the injection control case compared to the 
production control. There is up to 13% change in water injection volume but there are no changes of a similar magnitude for 
oil production, where the largest change is 0.4%. As the overall production shows, changes in individual well production 
largely balance each other out.  
 
   
Figure 7: Case 1 field oil and water production with and without injection well control 
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Figure 8: Case 1 field water production and injection rates with and without injection control 
 
To understand why the change in the distribution of injected water does not significantly impact reservoir sweep, we look 
at water saturation cross sections in the reservoir.  Figure 10 shows that, near well BR-P-2 (ref. Figure 1), the gridblocks’ 
water saturation is almost identical for the 2 cases; the injected water is not moving through the formation into which it is 
injected but rather downward with gravity forces and ending up in the lower formations (where 88% of it is injected in the 
uncontrolled case). The differences are negligible despite the fact that BR-P-2 and its nearest injectors (I8-I10) had some of the 
larger changes in volumes produced and injected. Gravity forces can be seen within the Waal formation (layers 6-8), where 
there is a distinct increase in water saturation from the upper to the lowest layer.  
 
Figure 11 shows water saturation around injection well BR-I-2 (location shown in Figure 1), which injected 5% more water 
whilst shifting water upwards from Waal to Schelde, the water saturation is also no different from the reference case. The 
waterfront in the Schelde starts to move down into the Maas 4 gridblocks away from the injector and the much of the Schelde 
is left relatively unswept. 
 
The final element to note is that in 3 of the 4 ensemble realizations, injection control can have a very small (0.1%) positive 
impact on NPV, mainly through reduced water injection. In the 4th realization (nr. 41), injection potential in the Schelde and 
Maas is limited and choking back on completions results in reduced water injection and a slightly lower NPV. This realization 
encourages injection controls to be minimized in the optimization. 
 
Reservoir/Production Modifications. 2 additional cases were evaluated in order to investigate further if the production 
history or the vertical permeability is impacting the unfavorability of injection control. Both cases are based on Case 1 
(Storage Capacity Weighted Injection Control). The first case discarded the production history and implemented well controls 
 
 
Figure 9: Percent change in cumulative water injection per well (left) and oil production (right) with injection control applied 
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Figure 10: Cross section near well BR-P-2 of water saturation at end of field life 
 
Figure 11: Cross section near well BR-I-2 of water saturation at end of field life 
 
from day 1. The second reduced vertical permeability in all grid blocks by a factor of 100 and also removed the production 
history, as it is no longer applicable with altered reservoir properties. 
 
The case without production history did not show significant benefit or disadvantage in injection well control and the 
optimization ended with parameters that left injectors uncontrolled. 
 
In the reduced vertical permeability case, there was a 1.4% increase in NPV when applying a chosen factor (f=6 in 
equation 4) for injection control. Time did not allow for additional optimization runs. NPV was lower than for the case with 
original kv, but showed benefit to injection control. 
 
Tracer-Based Control Results. The tracer-based controls aim to shift the well allocation of injection water order to obtain a 
better reservoir sweep. The idea is to reduce allocation to injectors which are contributing most to water production and divert 
that to those contributing less. The cases described up to now have shifted where in each well the water is injected (whilst 
shifting some well allocation also).  
 
The optimizations for tracer control quickly found that not controlling injection wells resulted in the highest NPV. For 
Case 5A, the optimization variable is the tracer concentration at which to start shutting injectors. The optimization set this 
concentration to 100, i.e. 1, meaning that no injectors are shut. For case 5B, the optimization variable is the choke factor Π to 
be applied to the wells contributing most to tracer concentrations in the producers. The optimum value for this is 1, meaning 
that no injectors are choked back. 
 
The production well parameters are carried over from the previous optimizations. 
 
Case 5 Shut Injection Wells with Ci > Cl. The main drawback with Case 5 is that voidage replacement is not necessarily 
achieved given the thresholds for shutting wells; with 10 injection wells, shutting any injector during high production periods 
(Years 11-15) will leave insufficient injection capacity to achieve voidage replacement and thus maintain pressure and move 
oil towards the producers.  
 
Table 7: Tracer-control strategy optimization results 
Case Nr.  Description Ensemble NPV (USD) Cl Π 
REF  Production controls only 3.95 x 109   
5 Shut Injection Wells with Ci > Cl 3.95 x 109 0 - 
6 Maintain Needed Injection Capacity, Choke Injectors  3.95 x 109 - 1 
 
With injection well control Without injection well control 
With injection well control Without injection well control 
 
Within Waal formation, 10+% 
difference in water saturation 
between top and bottom layer 
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Figure 12: Case 5 liquid production and water injection rate 
 
Figure 12 shows the liquid production rate and water injection rate for a trigger threshold of 10-3.5. A trigger at this value 
means that voidage replacement cannot be fulfilled. Raising the tracer concentration trigger significantly higher would mean 
that few wells would be impacted, and thus results would not differ significantly from the uncontrolled injection case. 
 
The main conclusion that can be drawn from this case is that there are not only 1 or 2 injectors recycling a lot of water, but 
rather that the injection pattern impacts many production wells in similar ways. 
 
Case 6 Choke Injectors, Maintain Needed Injection Capacity. To avoid the main issue from Case 5, the control 
methodology in 6 is modified to ensure sufficient injection capacity, whilst choking back on injection wells whose tracer 
concentration is highest in the producers. 
 
This control technique did not prove to have any significant impact on overall NPV, and the optimization favored leaving 
the injection wells uncontrolled (by setting the choke factor Π to 1). As with the outflow conformance cases, implementing 
injection control did not harm NPV meaningfully either. Figure 13 shows the oil production rates and the water production and 
water injection for the controlled and uncontrolled cases. The lines are overlapping throughout the field life. 
 
The control strategy changed the volume injected in each well by up to 20%, as seen in Figure 14. Next to the change in 
injection volumes is the change in production volumes where we see a small redistribution of oil production but with no net 
change. 
 
Case 7 Choke wells above concentration threshold. A full optimization of Case 7 was not completed. Initial guess 
parameters for the concentration trigger and choke exponent gave an insignificant increase in NPV compared to the reference 
case. The optimization did not move markedly from the initial guess and time did not permit a new initial guess to be taken. A 
similar conclusion as for Case 6 can be drawn that shifting of injection volumes between wells is neither beneficial nor 
detrimental. 
 
  
Figure 13: Case 6 oil production rate (left) and water production and injection rates (right) with and without injection well control 
0 2000 4000 6000 8000 10000 12000
0
0.5
1
1.5
2
2.5
3
3.5
4
x 104
Time (days)
Fl
o
w
ra
te
 
(S
TB
/d
)
 
 
FOPR - inj control
FOPR - prod control
0 2000 4000 6000 8000 10000 12000
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
x 104
Time (days)
Fl
o
w
ra
te
 
(S
TB
/d
)
 
 
FWPR - inj control
FWPR - prod control
FWIR - inj control
FWIR - prod control
Closed Loop Feedback Control of Injection and Production Wells in the SPE Brugge Model  13 
 
  
Figure 14: Case 6 change in cumulative water injection (left) and oil production per well (right) when applying injection well control 
 
Discussion 
Injection Control in the Brugge Model. None of the injection well control strategies yielded positive NPV gain for the 4-
realization ensemble used for the optimization. The control strategies altered reservoir sweep in two ways: redistribution of 
injected water amongst formations and shifting injection volumes between wells; neither of these changes materially impacted 
oil or water production. 
 
Layer crossflow in the Brugge reservoir is a primary factor for why the injection control strategies were not beneficial. The 
conformance control cases allocated injection more evenly into each formation to improve vertical sweep. Water is injected 
below the OWC at the periphery and flows up dip towards the production wells. The formations’ high vertical permeability 
and density contrast between oil and water favor water to move from the Schelde and Maas formations to the high-kh Waal 
and onward to the production wells. In actual Brent-type formations, the Waal equivalent is above the Maas equivalent; in that 
scenario, the water tends to flow upwards to and then through the Waal-type formation and subsequently back down through 
the Maas-type to a production completion (Thomas and Bibby 1991). Carvajal et al. (2013) also report little incremental 
benefit to adding ICVs to injection wells in a stratified reservoir with high permeability streaks, whereas production ICV 
control had significant benefits. 
 
The reservoir model is highly upscaled (60 000 grid blocks from 20x106 in the high resolution version), which may 
obscure barriers to flow present in the high-resolution, “truth” model. A more detailed reservoir model may show differing 
favorability for injection control. See Appendix B for logs showing more detailed stratigraphy. 
 
When applied to a modified reservoir with lower vertical permeability, redistributing the injection water amongst the 
completions increased NPV. Figure 15 shows the end of life water saturation for Case 1 and Case 8 with reduced vertical 
permeability. It shows that particularly the Schelde is better swept in this scenario. For reservoirs with poor communication 
between formations, injection control may be advantageous. These results are consistent with findings by Meshioye et al. 
(2010) that NPV increases 2-8% when injection control is applied to a synthetic reservoir with shale layers separating 
formations (no vertical flow).  
 
Alhuthali (2009) and Izgec et al. (2010) showed that controlling injection wells can improve NPV of the Brugge field, 
though they did not control production wells simultaneously. Thus, there are changes to injection rates and allocation that 
could improve NPV but the storage capacity-based injection allocation used to alter vertical sweep here is not effecting those 
changes. The storage-capacity allocation is derived for describing flow in a waterflood for a 2-D reservoir composed of several 
homogeneous layers (Lake 1989). It may be too simplistic to be appropriate for the Brugge model as it assumes 1-D flow of 
uniform path length through homogeneous layers in equilibrium with equal pressure drop. Additionally, the production well 
controls may effect similar changes to the waterflood as injection well control, thus obscuring any effects from direct feedback 
control of the injectors.  
 
Injection control has a small benefit for 3 of the 4 optimization realizations, mainly by reducing water production. The 4th 
realization is one of lower reservoir quality, where the needed injection rates can sometimes not be achieved even without 
injection well control and thus choking back on injection ICVs makes voidage replacement impossible and oil production 
suffers.  
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Figure 15: Comparison of water saturation at end of field life in Case 1 and Case 8 with reduced vertical permeability 
 
Disregarding the production history and producing with intelligent production and injections from time 0 proved to be 
neither beneficial nor detrimental. The previous injection history is likely not a major factor for unsuccessful injection well 
control. 
 
Future Work. A drawback of the conformance strategies is that they do not directly link injectors with producers. Many of 
the producers, particularly in Group 2, shut in long before the end of field life due to high water cuts. Injection continues in the 
wells nearest these shut-in producers based on the group control-voidage replacement-injectivity potential logic in the 
reservoir simulator. Future work should explore ceasing non-beneficial injection and redirecting the voidage replacement to 
injectors impactful on active producers. A streamline model optimization could be a way to automate this process. 
 
The tracer-control strategies link injectors and producers but do not take any action until water has already reached the 
production wells. There is the potential to measure the waterfront in the reservoir away from the wells, using for example 
Spontaneous Potential (Jackson et al. 2011) or 4-D seismic (Ali et al. 2011). The tracer closed-loop feedback strategies may be 
more successful if used in conjunction with one of these proactive approaches to take action before water breakthrough.  
 
Furthermore, the tracer strategies implemented actions at the well level; it may be more beneficial to base the control 
actions on tracers at the completion level (were the technology available to do so). This could, in theory, allow inferences to be 
made on the source and sink of high permeability zones. Eliminating feed into these zones could keep producers open longer 
and allow for improved reservoir drainage. The results from the conformance control strategies indicate that the feed location 
within a well may, however, be largely irrelevant in the Brugge case. 
 
As Alhuthali (2009) and Izgec et al. (2010) showed injection control to be favorable in the Brugge model without 
controlling production wells, future work should test direct feedback injection control without controlling producers at the 
same time. The results of this test would show whether injection control is beneficial but being obscured by production 
controls effecting similar changes to the waterflood. 
 
The voidage replacement ratio was held constant in this work. Varying this parameter may prove interesting for future 
work and should be simple to carry out as it adds only 2 variables to the optimization, one for each well group. 
 
Conclusions 
Several simple, closed-loop direct feedback control strategies for optimization of injection well outflow during a waterflood 
were applied to the SPE Brugge model. The parameters within the closed-loop feedback loop were varied using a gradient-
based optimization algorithm to maximize NPV over a 4-realization ensemble; this optimization showed no benefit to 
controlling injection wells. For most strategies, controlling injection outflow was also not detrimental.  
 
Case 1 Original Vertical Permeability Case 8 Reduced Vertical Permeability 
  
a. Water saturation near well BR-P-2 at end of field life 
 
  
b. Water saturation near well BR-I-2 at end of field life 
 
Improved sweep of 
Schelde, Maas 
Improved sweep of Schelde, Maas 
 
Closed Loop Feedback Control of Injection and Production Wells in the SPE Brugge Model  15 
Two types of control strategies were tested. Conformance control aimed to shift the allocation of injected water amongst the 3 
primary formations. Tracer-control strategies aimed to change the allocation of injected water amongst wells to reduce water 
recycling and improve sweep. Neither of these strategies resulted in significant changes to either oil or water production, 
leaving NPV unchanged. The Brugge model NPV is most dependent on voidage replacement being achieved. Control 
strategies which were not able to maintain voidage replacement resulted in lower NPV. The optimization showed a fairly 
broad range of potential production and injection control variables that gave fairly similar NPV results (+/- 2%).  
 
The good communication between formations in the Brugge model is believed to make conformance-based injection control 
unfavorable as the water preferentially flows downward to the highest permeability Waal formation. Reservoirs with lower 
vertical permeability or separation of formations may be better candidates for obtaining value from intelligent injection 
completions.  
 
Nomenclature 
Variables 
A, B =    Valve maximum and minimum settings 
c =    Production well choke exponent  
C =    Tracer concentration 
co, cw, cwi =  Unit cost for oil, produced water, injected water 
f =    Injection well choke exponent 
G =    NPV gain 
h =    Net pay height 
M =     Mobility 
P =    Pressure 
q, Q =    Flow rate 
r =    Discount rate 
t =    Time 
Twj =    Transmissibility from well to gridblock 
v =    Volume 
w =    Watercut 
Π =    Flow multiplier 
 
Subscripts 
i =    well number 
I =    injection control 
j =    completion number 
l =    limit 
P =    production control 
t =    trigger 
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Appendix A: Literature Review, Milestones 
 
Critical milestones in optimizing well rates and controls during a waterflood are shown here, followed by a short summary of 
each. 
 
SPE 
Paper nr 
Year Title Authors Contribution 
18365 1988 Maximization of Water 
Sweep Efficiency by 
Controlling Production and 
Injection Rates 
Asheim, H. First to directly combine numerical 
search optimization with reservoir 
simulation to find optimum rates 
during a waterflood. 
24762 1994 New, Simple Completion 
Methods for Horizontal Wells 
Improve Production 
Performance in High-
Permeability Thin Oil Zones 
Brekke, Kristian; Lien, S.C. Proposed completion designs, 
particularly inflow control in the 
wellbore, that when combined with 
downhole measurements and controls, 
form the basis for intelligent wells. 
62950 2000 The Modelling of Advanced 
“Intelligent” Well – An 
Application 
Yu, S.; Davies, D.R.; Sherrard, 
D.W. 
Method using combined reservoir and 
wellbore simulation to predict the 
benefits of intelligent completions. 
67728 2001 Downhole Flow Control 
Optimization in the Worlds 1st 
Extended Reach Multilateral 
Well at Wytch Farm 
Gai, H. Method for short-term optimization of 
ICV settings for a multilateral well. 
68077 2001 Effectiveness of Intelligent 
Completions in a Multiwell 
Development Context 
Yeten, B.; Jalali, Y. One of the first authors to report on 
simulations of multiple production 
wells equipped with intelligent 
completions. 
68979 2001 Recovery Increase through 
Water Flooding with Smart 
Well Technology 
Brouwer, D.R.; Jansen, J.D.; 
van der Starre, S.; van 
Kruijsdijk, C.P.J.W.; 
Berentsen, C.W.J. 
Tested simple heuristic ICV control 
algorithms for a horizontal injector-
producer pair based on downhole 
measurements at constant rate. 
78278 2004 Dynamic Optimization of 
Waterflooding With Smart 
Wells Using Optimal Control 
Theory 
D.R. Brouwer, J.-D. Jansen Applied dynamic (variable rate) in- 
and outflow control to a producer-
injector pair in a heterogeneous 
reservoir under both pressure- and 
rate-constrained operation. 
J. of Pet. 
Sci. & 
Eng. 43 
2004 Decision analysis under 
uncertainty for smart well 
deployment 
Yeten, B.; Brouwer, D.R.; 
Durlofsky, L.J.; Aziz, K. 
Optimized controls for several 
geological realizations and included 
quantitative failure risk of completion 
equipment in the decision framework. 
90149 2004 Improved Reservoir 
Management Through 
Optimal Control and 
Continuous Model Updating 
Brouwer, D.R.; Naevdal, G.; 
Jansen, J.D.; Vefring, E.H.; van 
Kruisdijk, C.P.J.W. 
Combined the dynamic control of 
injection and production ICVs from 
SPE-78278 in a closed-loop with 
history matching and model updating. 
90959 2006 Optimization of Commingled 
Production Using Infinitely 
Variable Inflow Control 
Valves 
Naus, M.M.J.J.; Dolle, N.; 
Jansen, J.-D. 
Method that can be implemented in 
practice to optimize short term 
production from intelligent wells via a 
wellbore simulator in conjunction with 
a near-well reservoir model using field 
measurements. 
102913 2006 Robust Waterflooding 
Optimization of Multiple 
Geological Scenarios 
Van Essen, G.M.; Zandvliet, 
M.J.; Van den Hof, P.M.J.; 
Bosgra, O.H.; Jansen, J.D. 
First to utilize robust optimization 
(RO), i.e. optimize rates over an 
ensemble of geological realizations 
reflecting the range of possible 
structural features and reservoir 
behavior. 
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SPE 
Paper nr 
Year Title Authors Contribution 
119094 2010 Results of the Brugge 
Benchmark Study for 
Flooding Optimization and 
History Matching 
Peters, E.; Arts, R.J.; Grouwer, 
G.K.; Geel, C.R.; Cullick, S.; 
Lorentzen, R.J.; Chen, Y.; 
Dunlop, K.N.B.; Vossepoel, 
F.C.; Xu, R.; Sarma, P.; 
Alhutali, A.H.; Reynolds, A.C. 
First direct comparison of many of the 
history matching and smart well 
optimization techniques proposed up 
to this point in time. 
119101 2008 Closed Loop Reservoir 
Management Using the 
Ensemble Kalman Filter and 
Sequential Quadratic 
Programming 
Lorentzen, Rolf J.; Shafieirad, 
Ali; Naevdal, Geir 
Simplified the rate optimization 
problem by proposing a reactive 
strategy for the production wells 
whereby control actions are taken 
based on measured watercut through a 
completion. 
129511 2009 Optimal Waterflood 
Management Under Geologic 
Uncertainty Using Rate 
Control: Theory and Field 
Applications 
Alhuthali, Ahmed H. Optimization procedure for well rates 
in a waterflood based on maximizing 
sweep efficiency through equalizing 
waterfront arrival time at production 
wells. 
132609 2010 Optimizing Volumetric Sweep 
Efficiency in Waterfloods by 
Integrating Streamlines, 
Design of Experiments and 
Hydrocarbon F-Φ Curves 
Izgec, O.; Sayarpour, M.; 
Shook, G.M. 
Waterflood optimization controlling 
only injection wells using a new 
method to optimize volumetric sweep 
efficiency. 
150096 2012 Closed-loop Feedback Control 
for Production Optimization 
of Intelligent Wells under 
Uncertainty 
Dilib, F.A.; Jackson, M.D Closed-loop direct feedback control 
using a generic control loop tuned via 
NPV optimization over an ensemble 
of reservoir realizations 
M.Sc. 
thesis, 
ICL 
2012 Closed-loop feedback control 
of intelligent wells: 
Application to the SPE 
Brugge model 
Khairullin, Askhat First to apply closed-loop direct 
feedback control strategy developed 
by Dilib and Jackson to multiple 
production wells. 
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Paper number 18365 Publication Year 1988 
Title Maximization of Water Sweep Efficiency by Controlling Production and Injection Rates 
Authors Asheim, H. 
Contribution to control of intelligent wells 
First to directly combine numerical search optimization with reservoir simulation to find optimum rates during a 
waterflood. 
Objective of paper 
Presents an optimization method for specifying production and injection rates that directly uses the reservoir 
simulator. Prior optimization methods simplified the problem by using a linear pressure-production relationship. 
The methodology is tested on a heterogeneous 2-D reservoir. 
Methodology used 
Sets an NPV objective function and uses implicit differentiation of the objective function to find the gradient; 
the gradient is then used to find the optimum production and injection rates. 
Conclusion reached 
NPV can be improved 2-11% by use of a combination of numerical reservoir simulation and numerical search 
optimization compared to a kh rate allocation method. 
Comments 
The same general mathematical technique had previously been applied to single liquid reservoirs. 
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Paper number 24762-PA Publication Year 1994 
Title New, Simple Completion Methods for Horizontal Wells Improve Production Performance 
in High-Permeability Thin Oil Zones 
Authors Brekke, Kristian; Lien, S.C. 
Contribution to control of intelligent wells 
Proposed completion designs, particularly inflow control in the wellbore, that when combined with downhole 
measurements and controls, form the basis for intelligent wells. 
Objective of paper 
Improve completion design of a long, horizontal well in a thin oil reservoir to reduce frictional pressure and 
thereby increase production from the toe and reduce the drawdown in the heel, preventing water or gas coning. 
Methodology used 
Changes to completion designs are: stingers (extend production tubing to some point of the well), reduced 
perforation density, and inflow control devices (labyrinth channels). Reservoir simulation then used to predict 
the impact of these changes to 3-D reservoir model reflecting a thin oil reservoir. 
Conclusion reached 
The proposed completion designs improves well productivity either by increasing plateau rate or extending 
plateau duration, with inflow control being the biggest contributor to production gains. 
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Paper number 62950 Publication Year 2000 
Title The Modelling of Advanced “Intelligent” Well – An Application 
Authors Yu, S.; Davies, D.R.; Sherrard, D.W. 
Contribution to control of intelligent wells 
One of the first to present a method using combined reservoir and wellbore simulation to predict the benefits of 
intelligent completions. 
Objective of paper 
To apply the proposed simulation technique to several different possible intelligent completion options for a 
North Sea type reservoir, and quantify the benefits of each completion option. 
Methodology used 
Several well/completion options were applied both to the base case reservoir and to a modified reservoir with a 
permeability barrier (accounting for uncertain reservoir behavior). Simulation was performed using ECLIPSE. 
Conclusion reached 
The proposed methodology can aid investment decisions by giving quantitative estimates of the benefits of 
installing intelligent completions. Intelligent completions may aid in mitigating for reservoir uncertainty. 
Comments 
The simulation technique used was not described in detail but rather referenced to another paper “to be 
published”. That paper could not be found. 
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Paper number SPE/IADC 67728 Publication Year 2001 
Title Downhole Flow Control Optimization in the Worlds 1st Extended Reach Multilateral Well 
at Wytch Farm 
Authors Gai, H. 
Contribution to control of intelligent wells 
Method for short-term optimization of ICV settings for a multilateral well. 
Objective of paper 
To provide a quantitative procedure to find the optimum ICV settings for a multilateral well in operation. 
Methodology used 
IPR curves in conjunction with production testing of a single lateral at different valve positions. 
Conclusion reached 
The optimization method proposed supports the theory underlying it but more work needs to be done by 
industry to come up with methods that will remove the guesswork from operating intelligent wells. 
 
 
 
  
Closed Loop Feedback Control of Injection and Production Wells in the SPE Brugge Model  23 
Paper number 68077 Publication Year 2001 
Title Effectiveness of Intelligent Completions in a Multiwell Development Context 
Authors Yeten, B.; Jalali, Y. 
Contribution to control of intelligent wells 
One of the first authors to report on simulations of multiple production wells equipped with intelligent 
completions. 
Objective of paper 
Via simulation, to quantify the impact of intelligent completions on production characteristics, and thus create a 
tool to make decisions on well placement and planning that accounts for the impact of the added well controls. 
Methodology used 
Modeled 2 horizontal oil production wells in a homogeneous, anisotropic synthetic reservoir with a gas cap and 
aquifer drive. 
Conclusion reached 
The completion and associated control strategy impacts drainage area and breakthrough characteristics for 
unwanted fluid, and thus should be accounted for in well planning. 
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Paper number 68979 Publication Year 2001 
Title Recovery Increase through Water Flooding with Smart Well Technology 
Authors Brouwer, D.R.; Jansen, J.D.; van der Starre, S.; van Kruijsdijk, C.P.J.W.; Berentsen, C.W.J. 
Contribution to control of intelligent wells 
Tested simple heuristic ICV control algorithms for a horizontal injector-producer pair (equivalent to multiple 
vertical injectors / producers) based on downhole measurements at constant rate. 
Objective of paper 
To evaluate if intelligent completions can be used to delay water breakthrough and improve sweep during a 
waterflood. 
Methodology used 
Modeled a horizontal injector-producer pair in a 2-D synthetic heterogeneous reservoir at constant injection and 
production rates. The control algorithm was based on either shutting well segments with the highest productivity 
index (PI) or only keeping open well segments with low PI. 
Conclusion reached 
The control method increases oil recovery for some heterogeneity types; the effectiveness has a large variability 
dependent on heterogeneities and permeability contrasts. Water breakthrough is delayed for most cases. 
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Paper number SPE-78278-PA-P Publication Year 2004 
Title Dynamic Optimization of Waterflooding With Smart Wells Using Optimal Control Theory 
Authors D.R. Brouwer, J.-D. Jansen 
Contribution to control of intelligent wells 
Applied dynamic (variable rate) in- and outflow control to a producer-injector pair in a heterogeneous reservoir 
under both pressure- and rate-constrained operation. 
Objective of paper 
The objective of the work is to investigate the potential for smart completions to either maximize water 
breakthrough time or cumulative oil production, or NPV for a given operating time.  
Methodology used 
2-D reservoir model with 1 horizontal injector and 1 horizontal producer, gradient-based optimization algorithm 
for control parameters. The reservoir simulated via a finite difference approximation. 
Conclusion reached 
Optimization procedure improved NPV for all cases. Under pressure constraints, the primary benefit was 
reduced water production (and corresponding injection). Under rate constraints, oil production could be 
accelerated.  
Comments 
Limitations compared to current work: 2-D reservoir, homogeneous porosity distribution, 1 producer, 1 injector. 
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Paper number Journal of Petroleum Science and Engineering 
43 (2004) 183-199 
Publication Year 2004 
Title Decision analysis under uncertainty for smart well deployment 
Authors Yeten, B.; Brouwer, D.R.; Durlofsky, L.J.; Aziz, K. 
Contribution to control of intelligent wells 
Optimized controls for several geological realizations and included quantitative failure risk of completion 
equipment in the decision framework. 
Objective of paper 
Present a decision analysis framework for deploying smart wells that accounts for equipment reliability, 
geological uncertainty and risk appetite. 
Methodology used 
Optimized ICV settings for NPV using a commercial reservoir simulator with in-built functionality for inflow 
valves using a gradient-based optimization algorithm. A Weibull distribution is used for valve failure, and 
failures are not repairable. 5 geological realizations of a 3-D North Sea fluvial reservoir are used. 
Conclusion reached 
Smart wells increased cumulative oil recovery by 5-50% for the 5 geological realizations; these gains generally 
outweigh equipment failure risk.  
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Paper number 90149 Publication Year 2004 
Title Improved Reservoir Management Through Optimal Control and Continuous Model 
Updating 
Authors Brouwer, D.R.; Naevdal, G.; Jansen, J.D.; Vefring, E.H.; van Kruisdijk, C.P.J.W. 
Contribution to control of intelligent wells 
Combined the dynamic control of injection and production ICVs from SPE-78278 in a closed-loop with history 
matching and model updating. 
Objective of paper 
Quantify NPV gain from utilizing continuous model updating and optimization of smart well controls in a 
waterflood. 
Methodology used 
History matching and updating of the reservoir models is done using the ensemble Kalman filter along with 
production data. Optimization of the injection and production rates is then done using the updated reservoir 
model. This process is repeated for each time step for the remainder of field life. The process is tested on 2 2-D 
synthetic reservoir models each with 100 realizations. 
Conclusion reached 
For rate-constrained production, the closed-loop approach significantly improved the waterflood via accelerated 
production. For 1 of the 2 cases, the optimized parameters came close to matching the results for known 
reservoir geology. 
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Paper number 90959 Publication Year 2006 
Title Optimization of Commingled Production Using Infinitely Variable Inflow Control Valves 
Authors Naus, M.M.J.J.; Dolle, N.; Jansen, J.-D. 
Contribution to control of intelligent wells 
Method that can be implemented in practice using field measurements to optimize short term production from 
intelligent wells via a wellbore simulator in conjunction with a near reservoir model. 
Objective of paper 
To build on previous work for short term optimization of production from smart wells by proposing a workflow 
that can be used in the field to find this optimum.  
Methodology used 
In a reservoir simulator, perform perturbations of the ICV settings for each well to get the gradient for how ICV 
settings change oil inflow. A sequential linear program was then performed to find the optimum valve setting 
for each well for the duration of the time step. 
Conclusion reached 
Control strategy resulted in accelerated oil production for the 2 reservoirs studied. Long term impacts of the 
optimization are variable. Method can be implemented in practice using surface and/or downhole measurements 
along with a calibrated well model.  
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Paper number 102913 Publication Year 2006 
Title Robust Waterflooding Optimization of Multiple Geological Scenarios 
Authors Van Essen, G.M.; Zandvliet, M.J.; Van den Hof, P.M.J.; Bosgra, O.H.; Jansen, J.D. 
Contribution to control of intelligent wells 
First to utilize robust optimization (RO), i.e. optimize rates over an ensemble of geological realizations 
reflecting the range of possible structural features and reservoir behavior.  
Objective of paper 
Present and test an RO method to determine optimum target rates during a waterflood accounting for geological 
uncertainty. 
Methodology used 
Optimal control theory to maximize an NPV function over an ensemble of100 realizations of a 3-D reservoir 
model were used to determine optimal target rates. 
Conclusion reached 
The method increases NPV compared to uncontrolled production and also reduces the range of NPVs achieved 
for the ensemble of reservoir realizations, including realizations not included in the optimization itself. 
Comments 
This is the optimization method applied in the current work, though with fewer reservoir realizations. 
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Paper number 119094 Publication Year 2010 
Title Results of the Brugge Benchmark Study for Flooding Optimization and History Matching 
Authors Peters, E.; Arts, R.J.; Grouwer, G.K.; Geel, C.R.; Cullick, S.; Lorentzen, R.J.; Chen, Y.; 
Dunlop, K.N.B.; Vossepoel, F.C.; Xu, R.; Sarma, P.; Alhutali, A.H.; Reynolds, A.C. 
Contribution to control of intelligent wells 
First direct comparison of many of the history matching and smart well optimization techniques proposed up to 
this point in time.  
Objective of paper 
Compare different proposed history matching and optimization techniques on the same reservoir with a given 
set of realizations. 
Methodology used 
A synthetic model was created based on North Sea geology, well logs and facies data extracted, production data 
generated for 10 years, and time-lapse seismic generated after 10 years of production. 104 original realizations 
along with the well logs and all other data provided to participants, who were then given free rein to achieve the 
highest possible NPV for the remaining 20 years of production life.  
Conclusion reached 
The spread of the achieved NPV results on the truth model was ~10%, with the best strategy just 3% below 
optimized case based on known geology. History matching using the past production data was beneficial to 
NPV. No single optimization strategy was clearly better than another. 
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Paper number 119101 Publication Year 2008 
Title Closed Loop Reservoir Management Using the Ensemble Kalman Filter and Sequential 
Quadratic Programming 
Authors Lorentzen, Rolf J.; Shafieirad, Ali; Naevdal, Geir 
Contribution to control of intelligent wells 
Simplified the rate optimization problem by proposing a reactive strategy for the production wells whereby 
control actions are taken based on measured watercut through a completion. 
Objective of paper 
Proposes a strategy that will drastically reduce the number of optimization variables for controlling inflow to 
production completions. This strategy is tested on the SPE Brugge model. 
Methodology used 
Used an Ensemble Kalman filter for history matching the SPE Brugge model and a sequential quadratic 
programming optimization algorithm to determine optimum watercut at which to take control actions for each of 
the production ICV zones. 
Conclusion reached 
Improvements in NPV achieved using the proposed control strategy on a similar level to other participants in the 
SPE Brugge benchmarking study. 
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Paper number 129511 Publication Year 2009 
Title Optimal Waterflood Management Under Geologic Uncertainty Using Rate Control: Theory 
and Field Applications 
Authors Alhuthali, Ahmed H. 
Contribution to control of intelligent wells 
Proposed an optimization of well rates in a waterflood based on maximizing sweep efficiency through 
equalizing waterfront arrival time at production wells. 
Objective of paper 
Describes the optimization approach to maximize sweep efficiency/equalize waterfront arrival times and apply 
this strategy to 3 field examples. 
Methodology used 
The optimization looked to minimize the difference between the desired and actual arrival time for the 
waterfront at all producers by adjusting the ICVs on injection and production wells. This technique was applied 
using a gradient-based optimizer to 3 3-D reservoirs. 
Conclusion reached 
The proposed control strategy both increases oil production and decreases water production in the 3 field 
examples tested. 
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Paper number 132609 Publication Year 2010 
Title Optimizing Volumetric Sweep Efficiency in Waterfloods by Integrating Streamlines, 
Design of Experiments and Hydrocarbon F-Φ Curves 
Authors Izgec, O.; Sayarpour, M.; Shook, G.M. 
Contribution to control of intelligent wells 
Performed a waterflood optimization controlling only injection wells using a new methodology to optimize 
volumetric sweep efficiency. 
Objective of paper 
Describe the proposed sweep efficiency optimization using the Hydrocarbon Lorenz Coefficient, and apply this 
technique to 2 synthetic 3-D reservoirs. 
Methodology used 
Derive the Hydrocarbon F-Φ curve (flow capacity – storage capacity of unswept reservoir) and Hydrocarbon 
Lorenz Coefficient (LC-HC) using streamline simulation. By minimizing LC-HC volumetric sweep efficiency is 
maximized. Design of Experiments is used for the optimization. 
Conclusion reached 
The proposed methodology increased oil production and reduced water production in the Brugge model. It was 
also shown that the method is computationally very quick (22 CPU hours to optimize all control parameters). 
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Paper number 150096 Publication Year 2012 
Title Closed-loop Feedback Control for Production Optimization of Intelligent Wells under 
Uncertainty 
Authors Dilib, F.A.; Jackson, M.D. 
Contribution to control of intelligent wells 
Proposed closed-loop direct feedback control of a production well using a generic control loop tuned via NPV 
optimization. 
Objective of paper 
The paper compares 3 control strategies for production from an intelligent horizontal well in a thin oil column: 
fixed flow control, on/off flow control and variable inflow control. Results are compared against an optimization 
with known reservoir geology.  
Methodology used 
Production/NPV from the well using the 3 control strategies is simulated and compared against NPV given 
known geology. The control loop is tuned based on model prediction. The ability of the 3 control strategies to 
mitigate for unknown reservoir behavior is then evaluated by adding features to the reservoir model.  
Conclusion reached 
Closed-loop direct feedback control yielded higher NPV gains than open-loop control compared to an 
uncontrolled reference case. The closed-loop strategies can result in close to optimal NPV even in the presence 
of unexpected reservoir behavior. 
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Paper number 164814 Publication Year 2013 
Title Optimizing the Waterflooding Performance of a Carbonate Reservoir with Internal Control 
Valves 
Authors Carvajal, G.A.; Wang, F.; Lopez, C.; Cullick, A.S.; Al-Jasmi, A.; Goel, H.K. 
Contribution to control of intelligent wells 
First to report on incremental gains from adding controlled ICVs on injection wells in addition to production 
wells. 
Objective of paper 
Describes a process used to identify targets for production improvements by utilizing intelligent technology for 
a real field and then quantify the anticipated benefits of adding production and injection well controls to this 
field. 
Methodology used 
Simulation and optimization are performed for a sector model of the pertinent part of the reservoir where 5 ICVs 
are added to a horizontal production well. Valve settings for each ICV are optimized. Subsequently, intelligent 
completions are added to all 36 production wells and then the 5 injection wells, and valve settings optimized. 
Conclusion reached 
Adding smart completion to production wells results in a large increase in oil production whilst adding ICVs to 
the injection wells yields only a small production increase and a slightly larger decrease in water production. 
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Paper number M.Sc. Thesis, Imperial College London Publication Year 2012 
Title Closed-loop feedback control of intelligent wells: Application to the SPE Brugge model 
Authors Khairullin, Askhat 
Contribution to control of intelligent wells 
First to apply closed-loop direct feedback control strategy developed by Dilib and Jackson to multiple 
production wells. 
Objective of paper 
Apply closed-loop direct feedback control to the production wells in the SPE Brugge to quantify potential gains 
in NPV in a 3-D multi-well reservoir. 
Methodology used 
Variable ICVs on the production wells were controlled based on measured watercut in each well. The control 
loops were tuned by optimization over an ensemble of 4 realizations chosen at random. The tuned control loop 
was then used to control all 104 Brugge realizations. 
Conclusion reached 
Using closed-loop direct feedback yielded average NPV gain of 22% compared to a surface-controlled reference 
case. 
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Appendix B: Brugge Reservoir Data 
This appendix contains additional data on the Brugge reservoir. 
 
Rock and Fluid Properties 
Key rock properties are shown in Table B-1 (Peters et al. 2010). 
 
Table B- 1: Initial conditions, rock properties 
 
Parameter Value 
Initial reservoir pressure 2466 psi @ 1700 m 
Free Water Level 1678 m 
Pore compressibility 3.5x10-6 psi-1 
 
Figure B-1 shows the capillary pressure as a function of water saturation for various porosity ranges.  
 
 
Figure B- 1: Capillary Pressure Curves 
 
Relative permeability is also broken down by porosity; Table B-2 and Figure B-2 show the relative permeability parameters 
and curves for each porosity range (Peters et al. 2010). 
 
Table B- 2: Parameters for relative permeability 
   Corey Parameters 
    Water Oil Water Oil 
Porosity Range (%) Swc Sor kr1 kr2 n1 n2 
>22.5 0.252 0.15 0.6 0.4 3 5 
20-22.5 0.257 0.15 0.6 0.4 3 5 
17.5-20 0.266 0.15 0.6 0.4 3 5 
15-17.5 0.286 0.15 0.6 0.4 3 5 
12.5-17.5 0.304 0.15 0.6 0.4 3 5 
7.5-12.5 0.516 0.15 0.6 0.4 3 5 
<7.5 0.8499 0.15 0.6 0.4 3 5 
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Figure B- 2: Relative Permeability Curves 
 
Well Completion Data 
The general completion-formation scheme described in the main report has some exceptions. Table B-3 shows the completions 
associated with each formation for every well. 
 
Table B- 3: Completion formations for all wells (modified from Peters et al. 2010) 
Formation All Injectors BR-P-: 
1-4, 6-8, 11-13 
BR-P-: 
5, 10, 14, 15 
BR-P-9 
Schelde X X X X 
Maas X X X  
Waal X X   
Schie X    
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Well logs 
 
Figure B-3 shows the log for well BR-P-17, taken here as 
an example to show how the upscaling process may have 
impacted on the injection control optimization results. The 
Schelde formation shows a sand layer overlaying a thick 
shale layer. In the upscaling process some of this 
differentiation may have been lost, allowing vertical flow 
through what may in fact be an impermeable shale barrier. 
The upscaling has accounted for this, particularly in the 
Schelde, where the average layer height is ~2.5 m versus 6-
8 m for the Maas and Waal. 
 
The blue facies in the Maas formation (circled in red) are 
carbonaceous deposits that would be baffles or barriers to 
vertical flow. These carbonaceous deposits are relatively 
thin and are averaged out in the upscaling process where 
the Maas formation generally looks fairly homogeneous 
(see Figure 2). 
 
The log shown is from the TNO dataset (Well Section 
C.pdf). 
Figure B- 3: BR-P-17 log for Schelde, Maas and 
upper Waal formation  
 
 
Variation in Properties for Realizations 
The base case ensemble used for the optimization consists of realization numbers 41, 68, 77 and 93. As noted in the report, 
realization 41 has limited injectivity potential in the upper formations and choking back on the Waal ICVs can lead to 
insufficient injection for this realization, rendering injection control unfavorable. This section contains a visual comparison of 
the NTG and horizontal permeability properties for realization 41 compared to 93 (generally high quality in all 3 main 
formations). 
 
A look at NTG in the Schelde formation shows significantly more sand (in red) in realization 93 compared to 41, thus 
limiting injection potential into this formation in 41. The higher NTG is reflected in the horizontal permeability also where 
much of the Schelde has permeabilities in the range of 1000 mD. Side views of the permeabilities in each formation show that 
realization 41 has much lower values in all 3 formations but especially in the Maas formation, there are many more gridblocks 
with permeability near 10 mD across all 3 layers of the formation. In realization 93, the low permeability gridblocks in the 
Maas are generally restricted to the bottommost layer. 
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a. Top view of NTG in Schelde formation for realization 41 (left) and 93 (right)  
 
 
 
b. Top view of horizontal permeability in Schelde formation for realization 41 (left) and 
93 (right) 
 
 
c. Side view of horizontal permeability in Schelde (1), Maas (2) and Waal (3) formations 
for realization 41 (left) and 93 (right) 
 
Figure B- 4: NTG and permeability for realizations 41 and 93 
 
Storage Capacity for Injection Control 
Table B-4 shows the storage-capacity allocations implemented in the reservoir simulations for the injection ICVs. These are 
the height of the completion for each well multiplied by average formation NTG and sand porosity. For each completion, 
Table B-4 shows the fraction of the total storage capacity, which is the allocation. See Case 1 description on page 5 for details 
on how these are used. 
 
Table B- 4: Storage capacity based allocation for each ICV 
Well ICV1 ICV2 ICV3 
I-1 7% 25% 68% 
I-2 13% 32% 55% 
I-3 12% 25% 63% 
I-4 11% 26% 63% 
I-5 11% 26% 63% 
I-6 10% 26% 63% 
I-7 10% 27% 64% 
I-8 9% 27% 64% 
I-9 10% 30% 60% 
I-10 8% 27% 65% 
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